INTRODUCTION {#SEC1}
============

DNA methylation was initially thought to inhibit transcription of some genes, whereas transcription of other genes was at most unaffected by DNA methylation ([@B1]). However, accumulating evidence shows that several families of activating transcription factors (including Epstein-Barr Virus Zta, see below) can preferentially bind methylated CpG (5mCpG) within specific sequences ([@B2]--[@B12]). A classic basic leucine-zipper (bZIP) transcription factor family, named activator protein 1 (AP-1), is substantially involved in gene regulation that controls such critical phenomena as oncogenesis, cell proliferation, and apoptosis ([@B13],[@B14]). AP-1 is a dimeric complex that comprises members of the Jun, Fos, ATF (activating transcription factor) and MAF (musculoaponeurotic fibrosarcoma) protein families (reviewed in ([@B14])).

Like many dimeric transcription factors (Myc/Max and NF-κB), the AP-1 complexes can form homodimers and heterodimers that mediate distinct biological outputs ([@B13],[@B15]--[@B18]). For example, Jun/Jun homodimer and Jun/Fos heterodimer activate a set of genes by binding a 7-bp 12-*O*-[t]{.ul}etradecanoylphorbol-13-acetate (TPA)-[r]{.ul}esponse [e]{.ul}lement known as TRE (5΄-[TG]{.ul}AGTCA-3΄), as well as a [me]{.ul}thylated response element known as meTRE (5΄-[MG]{.ul}AGTCA-3΄ where M = 5mC) with a methylated CpG replacing 5΄ TpG dinucleotide ([@B19]--[@B21]). Like 5-methylcytosine (5mC or M), thymine (5-methyluracil) contains a methyl group at carbon-5. Thus, the TRE and meTRE elements each contain two methyl groups at nucleotide positions 1 and 5 from the 5΄ end, resulting in four methyl groups symmetrically positioned at base pair (bp) positions 1, 3, 5 and 7 (Figure [1A](#F1){ref-type="fig"}).

![Jun/Jun-meTRE interactions. (**A**) Aligned DNA sequence elements of TRE, meTRE and meZRE2. (**B**) Protein sequence alignment of the basic DNA-binding regions of AP-1 (Jun) and Zta. (**C--E**) DNA binding affinities of the Jun bZIP domain with oligos containing variations in the first and second base pairs 'X' and 'Z' positions \[M is 5mC, and can be oxidized to 5-hydroxymethylC (5hmC), 5-formylC (5fC) and 5-carboxylC (5caC)\]. The reduced binding by oxidation is probably due to combined effects of steric constraints, charge differences, and/or decreased van der Waals contacts between protein and DNA. (**F**) The surface charge of Jun homodimer at neutral pH is displayed as blue for positive, red for negative, and white for neutral. (**G**) Each Jun monomer (magenta and blue) recognizes one half site. (**H--J**) Interactions with the first half site (base pairs 1--3). The black numbers indicate the inter-atom distance in angstroms; 'w' is water molecules; and 'mc' refers to main-chain atoms. (**K**) Interactions with the central G~4~:C~4~ base pair. (**L--N**) Interactions with the second half site (base pairs 7-5). (**O--P**) The similarity (di-alanine-methyl group interactions) and difference (Asn262 conformations) between Jun/Jun interactions with the two half sites. Atoms are colored dark blue for nitrogen, red for oxygen and either light blue or magenta for carbons of each half site. The methyl groups of 5mC and T are colored yellow with a small sphere.](gkx057fig1){#F1}

Epstein-Barr Virus (EBV) is a human-specific B cell-infecting gamma-herpesvirus, associated with diseases such as infectious mononucleosis and Burkitt\'s lymphoma, which has both lytic and latent phases ([@B22],[@B23]). An EBV transcription factor, Zta (also called EB1, BZLF1, or ZEBRA), was the first example of a sequence-specific transcription factor that preferentially recognizes and selectively binds methylated cytosine residues within a specific sequence, reverses epigenetic silencing and activates gene transcription ([@B2]). The EBV virion genome is unmethylated, but becomes heavily methylated during the latent stage of the virus cycle ([@B24]--[@B26]). Early lytic cycle activation depends upon the EBV Zta homodimer preferentially recognizing methylated promoters containing meZREs, a notable example of which is meZRE2 (5΄-[TG]{.ul}AG[MG]{.ul}A-3΄) ([@B2],[@B27]--[@B29]). Significantly, this element contains two methyl groups at nucleotide positions 1 and 5 (Figure [1A](#F1){ref-type="fig"}).

Both human AP-1 and EBV Zta are bZIP family transcription factors that bind the classic TRE, but recognize methylated cytosine residues within different sequence contexts. Specifically, AP-1 recognizes M at position 1, whereas Zta recognizes M at position 5 of the 7-bp recognition sequences. Previous structural analysis ([@B19],[@B30]) and sequence alignment of basic regions of AP-1 transcription factors and Zta shows that the four DNA base-contacting amino acids are highly conserved, except for Zta Ser186 which is equivalent to Jun Ala266 in AP-1 (Figure [1B](#F1){ref-type="fig"}). Zta Ser186 is critical for meZRE2 binding ([@B29],[@B31],[@B32]). Although a crystal structure of Zta bZIP homodimer-DNA complex was previously solved (PDB 2C9L), the reported structure has an S186A mutation (to mimic AP-1) in complex with oligonucleotides containing TRE, not meZRE ([@B30]). To date, it is not known how AP-1 and Zta recognize 5mC within their cognate methylated response elements.

Using isolated Jun and Zta bZIP domains, each forming a homodimer, we here report two crystal structures: a Jun/Jun-DNA complex with meTRE, and a Zta/Zta-DNA complex with meZRE2. The spatially conserved methyl groups are in contact with the conserved di-alanine (Ala265 and Ala266 in Jun) or the corresponding Zta residues Ala185 and the side chain carbon Cβ of Ser186. Further, we show that the purified Zta binds both meTRE and meZRE2 strongly and equally, while Jun binds the two elements with significantly different affinities. Our findings provide molecular explanations for the differences between the human and viral factors, and potentially help explain the behavior of other bZIP transcription factors.

MATERIALS AND METHODS {#SEC2}
=====================

Protein expression and purification {#SEC2-1}
-----------------------------------

We prepared two Jun proteins: (i) human Jun bZIP (UniProtKB/Swiss-Prot: P05412.2), residues 254--315 containing a Cys269-to-Ser mutation in the basic region, with wild-type Ala266 (Jun WT, pXC1398), and (ii) the A266S mutant of that protein (Jun A266S, pXC1440). Both were expressed as an N-terminal 6xHis-SUMO fusion ([@B33]), via a modified pET28b vector (Novagen) in *Escherichia coli* BL21-CodonPlus(DE3)-RIL (Stratagene) ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Equivalent EBV Zta bZIP proteins were also prepared: (i) residues 175--236 containing a Cys189-to-Ser mutation in the basic region with wild-type Ser186 (Zta WT, pXC1416), and (ii) the S186A mutant of that protein (Zta S186A, pXC1455). These were expressed using the same vector as the Jun proteins. Published data showed that the Cys-to-Ser mutation was necessary to generate quality crystals and/or to prevent the proteins from oxidation for both Fos/Jun heterodimer and Zta/Zta homodimer ([@B19],[@B30]). Because the Cys-to-Ser mutant did not adversely affect DNA binding affinity or specificity ([@B34],[@B35]), for simplicity, we used the same Cys-to-Ser mutant in our biochemical and structural analyses. The altered residue, located in the basic DNA binding region, contacts a phosphate group of the DNA backbone in our structures ([Supplemental Figure S2](#sup1){ref-type="supplementary-material"}).

Bacterial cells were cultured in LB medium at 37°C, and protein expression was induced at 16°C overnight by adding 0.5 mM isopropyl-β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG). Cells were harvested and stored at −80°C. Frozen pellets were thawed, and lysed by sonication in 20 mM sodium phosphate pH 7.4, 500 mM NaCl, 25 mM imidazole, 5% (v/v) glycerol, and 1 mM 1,4-dithiothreitol (DTT). Lysates were clarified by centrifugation at 35 000 g for 1 h, and the fusion protein was isolated on a nickel-charged HisTrap affinity column (GE Healthcare). Fractions eluted from the nickel column with a linear gradient of imidazole (25--500 mM) were pooled.

For further purification of the Jun bZIP domain, ubiquitin-like-specific protease 1 (ULP-1; purified in-house ([@B33])) was added to the pooled nickel column fractions, followed by overnight incubation at 16°C to cleave the 6xHis-SUMO tag, resulting in the retention of two extraneous N-terminal residues (His-Met). The tag-cleaved sample was then loaded onto tandem HiTrap-Q/HiTrap-Heparin columns (GE Healthcare), followed by elution from the Heparin column using a linear gradient of NaCl (0.5--2 M). The eluted fractions were loaded onto a Superdex 200 (16/60) size exclusion column (GE Healthcare), in buffer containing 20 mM Tris--HCl pH 7.5, 500 mM NaCl, 5% (v/v) glycerol and 1 mM DTT. The final concentration of the purified Jun/Jun homodimer was estimated by Bradford protein assay (Bio-Rad no. 500-0205) (due to lack of aromatic residues).

For further purification of the Zta bZIP domain, the pooled Ni column fractions were loaded onto tandem HiTrap-Q/HiTrap-Heparin columns (GE Healthcare) in the Zta buffer (20 mM Tris--HCl pH 7.5, 150 mM ammonium acetate, 150 mM NaCl, and 1 mM DTT). The Heparin column was then eluted using a linear gradient of NaCl (150 mM to 2 M). The eluted fractions were pooled and dialyzed against the Zta buffer in presence of ULP-1 in 4°C to cleave the 6xHis-SUMO tag. The dialyzed sample was then loaded onto a heparin column followed by elution as before. The eluted fractions were then dialyzed against the Zta buffer again, concentrated, and then loaded onto a Superdex 200 (16/60) size exclusion column equilibrated in the Zta buffer. Elution from the column yielded a single peak, corresponding to the expected Zta bZIP homodimer size. The final concentration of the purified homodimer was estimated by measuring absorbance at 280 nm (with an extinction coefficient of 0.395).

Fluorescence-based DNA binding assay {#SEC2-2}
------------------------------------

Fluorescence polarization assays were performed using a Synergy 4 microplate reader (BioTek) to measure DNA binding affinity, as described ([@B6],[@B36]). The 6xHisSUMO tagged-protein and 6-caboxy-fluorescein (FAM)-labeled double strand DNA probe (5 nM) were incubated with increasing amount of proteins in 20 mM Tris--HCl, pH 7.5, 5% glycerol, and 185 mM NaCl (for Jun/Jun) or 225 mM NaCl (for Zta/Zta). The DNA sequences of the probe for Jun/Jun were 5΄-GGA**X**[GAGTCA]{.ul}TAG-3΄ and FAM-5΄-CTATGACT**X**GTCC-3΄; and for Zta/Zta were 5΄-CTA[TGAG]{.ul}**X**[GA]{.ul}TCC-3΄ and FAM-5΄-GGAT**X**GCTCATAG-3΄; where **X** can be normal cytosine (C), 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), or 5-carboxylcytosine (5caC). *K*~D~ values were calculated as \[mP\] = \[maximum mP\] x \[C\]/(*K*~D~ + \[C\]) + \[baseline mP\], where mP is millipolarization and \[C\] is protein concentration ([@B37]). Curves were fit by GraphPad Prism software (version 6.0) and normalized as percentage of bound as 100 x (\[mP\] -- \[baseline mP\])/(\[maximum mP\] -- \[baseline mP\]. The reported mean ± SEM of the interpolated *K*~D~ values were calculated from two independent experiments performed in duplicate. For those binding curves that did not reach saturation, the lower limit of the binding affinity was estimated.

Crystallography {#SEC2-3}
---------------

For Jun bZIP homodimer in complex with DNA, purified Jun/Jun was mixed with annealed oligonucleotides containing the meTRE sequence (hemi-methylated CpG; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) at a molar ratio of ∼1:1. The final complex was concentrated to ∼1 mM in 20 mM Tris--HCl (pH 7.5), 100 mM NaCl, and 5% (v/v) glycerol. Initial screening was performed by the sitting-drop method using an Art Robbins Phoenix Crystallization Robot, and selected conditions were repeated and optimized by the hanging-drop method. The final rod-shaped crystals appeared at 16°C within 3 days, in mother liquor containing 50 mM citric acid, 50 mM bis--tris--propane, and 16% (w/v) polyethylene glycol 3350 at pH 5.2.

For Zta bZIP homodimer in complex with DNA, purified Zta/Zta was mixed with annealed oligonucleotides containing meZRE-2 sequence (fully methylated CpG) at a molar ratio of ∼1:1. The final complex was concentrated to ∼1 mM in 20 mM Tris--HCl (pH 7.5), 150 mM ammonium acetate, 150 mM NaCl, and 1 mM DTT. A wide range of screening conditions yielded well-diffracting crystals at 16°C within 2 months. The crystal used for data collection was harvested in mother liquor containing 0.2 M sodium phosphate monobasic monohydrate and 20% (w/v) polyethylene glycol 3350 at pH 4.7.

Crystals were examined at the SER-CAT 22ID beamline at the Advanced Photon Source, Argonne National Laboratory, and the diffraction data were processed using HKL2000 ([@B38]). Crystallographic phases for Jun/Jun-DNA and Zta/Zta--DNA complexes were determined by molecular replacement using coordinates from the protein components of previous structures (PDB 1FOS for Jun ([@B19]) and PDB 2C9L for Zta ([@B30])). Model refinements were performed using PHENIX ([@B39]). Graphics for the figures were generated using PyMol (DeLano Scientific, LLC). Detail X-ray data collection and refinement results are summarized in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

RESULTS {#SEC3}
=======

Jun homodimer has equal affinity for TRE and meTRE sequences {#SEC3-1}
------------------------------------------------------------

We first compared the binding of Jun protein to double-stranded oligonucleotides (oligos) containing the TRE (5΄-**T**GAGTCA-3΄) or meTRE (5΄-**M**GAGTCA-3΄) sequences. These elements differ only at the first base pair (bp): with T:A in TRE and 5mC:G (M:G) in meTRE (Figure [1A](#F1){ref-type="fig"}). As expected from previous studies ([@B21]), Jun protein bound to both sequences equally well, with dissociation constants (*K*~D~) of ∼0.2 μM as measured by fluorescence polarization (Figure [1C](#F1){ref-type="fig"}). We next analyzed the effect of methylation on only one strand by replacing one of the two 5mC bases with unmodified C. The dissociation constant for the duplex oligo hemimethylated on the top strand CpG (M/C) sequence yielded the same *K*~D~ as that for the completely methylated (M/M) sequence; however the bottom hemimethylated (C/M) and completely unmodified (C/C) sequences showed comparable but 4--5× higher dissociation constants, i.e. lower binding affinities (Figure [1D](#F1){ref-type="fig"}). These results indicate that 5mC methylation of the CpG dinucleotide at bp-1 (top strand) enhances the binding affinity of Jun protein, whereas methylation at bp-2 (bottom strand) has a negligible effect.

Next we replaced the 5mC in the top strand of the oligo with all three oxidized forms of 5mC---5-hydroxymethylC (5hmC), 5-formylC (5fC) and 5-carboxylC (5caC)---while retaining 5mC in the bottom strand (Figure [1E](#F1){ref-type="fig"}). These chemical forms are generated *in vivo* by Tet dioxygenases in consecutive steps ([@B40]--[@B42]). All three oxidized forms reduced binding gradually, but *K*~D~ values were still 1.5--2.5× lower (higher affinities) than for unmodified cytosine. Overall, Jun homodimer appears to have a particularly low affinity for DNA with completely unmodified C in the first position.

Structural basis for the recognition of 5mC and T (5mU) by Jun {#SEC3-2}
--------------------------------------------------------------

To understand how Jun binds meTRE (M:G) and TRE (T:A) sequences, we next co-crystallized Jun bZIP (residues 254--315) with a 18-bp duplex oligonucleotide containing the hemimethylated CpG (top strand) within the 7-bp meTRE element, plus a 5΄-overhanging base on each strand (Figure [1F](#F1){ref-type="fig"} and [G](#F1){ref-type="fig"}). The Jun-DNA complex structure was determined to a resolution of 1.89 Å ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). As expected, the structure is composed of two long helices, creating a clamp-like basic environment ideal for electrostatic attraction to the negatively charged DNA phosphate backbone (Figure [1F](#F1){ref-type="fig"}). The basic region of the N-terminal portion of the helix binds in the major groove of the DNA, recognizing half of the 7-bp meTRE element (Figure [1G](#F1){ref-type="fig"}). Among them, there are four G:C (or three G:C and one G:M) base pairs and three A:T base pairs. Surprisingly, except for the central G~4~:C~4~ base pair (see below), the remaining six base pairs do not involve the most conventional sequence-specific protein--DNA recognition, in which bidentate hydrogen-bond contacts link Gua-Arg and Ade-Asn (reviewed in ([@B43]); for example, see ([@B44],[@B45])).

From each monomer (colored in blue and magenta, respectively in Figure [1G](#F1){ref-type="fig"}), only four residues (Asn262, Ala265, Ala266 and Arg270) are involved in direct base contacts. The blue monomer interacts with the first three base pairs (Figure [1H](#F1){ref-type="fig"}--[J](#F1){ref-type="fig"}). Ala265 is in van der Waals contact with the 5-position methyl group of 5mC at M~1~. Asn262 forms a weak hydrogen bond with the exocyclic 4-amino group (NH~2~) of 5mC, and forms a water-mediated hydrogen bond with the paired G~1~ (Figure [1H](#F1){ref-type="fig"}). The second base pair, G~2~:C~2~, does not involve a direct H-bond with any side chain, instead forming water-mediated interactions with the main-chain carbonyl oxygen of Asn262 (Figure [1I](#F1){ref-type="fig"}), in agreement with the observation that cytosine methylation at C~2~ does not influence the binding affinity (Figure [1D](#F1){ref-type="fig"}; M/C versus M/M or C/M versus C/C). The second alanine, Ala266, forms a corresponding van der Waals contact with the 5-position methyl group of T~3~ (Figure [1J](#F1){ref-type="fig"}).

The central G~4~:C~4~ base pair does involve a classic pattern of bidentate H-bonds formed between Arg270 (in this case, from the magenta monomer) and the *N*7 and *O*6 atoms of G~4~ (Figure [1K](#F1){ref-type="fig"}). The corresponding Arg270 of the blue monomer is in the neighborhood forming an electrostatic salt bridge with the backbone phosphate group and a water-mediated interaction with the paired C~4~ (Figure [1K](#F1){ref-type="fig"}). If the central G~4~:C~4~ base pair changes to C~4~:G~4~, the same Arg-Gua interaction could be maintained by the second monomer, in agreement with the ChIP-seq data in TNFα-stimulated triple-negative breast cancer cells showing that central G/C can be inverted without inhibiting Jun binding ([@B17]).

The magenta monomer interacts with the second half of the element, base pairs 7-5 in the 5΄-3΄ polarity of the TGA sequence (Figure [1L](#F1){ref-type="fig"}--[N](#F1){ref-type="fig"}). The corresponding di-alanine, Ala265 and Ala266, forms conserved van der Waals contacts with the methyl groups of T~7~ and T~5~, respectively (Figure [1L](#F1){ref-type="fig"} and [N](#F1){ref-type="fig"}). However, the corresponding magenta Asn262 adopts a different conformation. Rather than making indirect base contacts, as the blue Asn262 does (Figure [1H](#F1){ref-type="fig"}), the magenta Asn262 bridges two base pairs at positions 6 and 7, H-bonding both the *O*4 atom of T~7~ and the *N*4 atom of C~6~ (Figure [1O](#F1){ref-type="fig"}). While asparagine can act simultaneously as an H-bond donor (to *O*4 of T~7~) and as an acceptor (from *N*4 of C~6~), this bridging cannot occur for the first two base pairs because both are cytosines (Figure [1P](#F1){ref-type="fig"}). By rotating its side chain, however, Asn262 of the blue monomer accommodates the base pair at position 1 by forming a water mediated interaction involving M~1~ and G~1~ (Figure [1H](#F1){ref-type="fig"}).

Conserved T--Asn--C bridging conformation for binding 5΄-TGA-3΄ half sites {#SEC3-3}
--------------------------------------------------------------------------

We compared our structure of Jun/Jun dimer-meTRE complex with the previously characterized structures of Jun/Fos heterodimer (PDB: 1FOS ([@B19])) and Jun/Jun homodimer (PDB: 2H7H), each in complex with the unmodified TRE sequence. Regardless of the partner, the corresponding di-alanine-methyl group interactions and the T--Asn--C bridging conformation are conserved between Jun and Fos, each interacting with a 5΄-TGA-3΄ half site (Figure [2A](#F2){ref-type="fig"}). Superimposition of the two Jun/Jun homodimer complexes (PDB: 2H7H and our study) indicates the overall structure of the Jun homodimer is essentially unchanged between complexes with methylated (meTRE) or unmodified DNA (TRE), with a root-mean-squared deviation of \<1 Å when comparing 124 pairs of Cα atoms (Figure [2B](#F2){ref-type="fig"}).

![Comparison between TRE and meTRE binding by AP-1. (**A**) Conserved T~1~-Asn-C~2~ (left panel; 'N' is Asn) and T~7~-Asn-C~6~ (right panel) bridging interactions for binding TGA half sites in Jun/Fos heterodimer (PDB 1FOS). (**B**) Superimposition of Jun/Jun homodimer in complexes with TRE (colored in green) and meTRE (colored in magenta and blue for each monomer). (**C**) Comparison of the TGA half sites from TRE (green) and meTRE (magenta). (**D**) Comparison of the MGA half site in meTRE (blue) and the corresponding TGA half site in TRE (green). (**E**) A base pair shift observed for the first base pair between T:A in TRE (green) and M:G in meTRE (blue). Red arrow indicates the shift direction, and magnitude in angstroms.](gkx057fig2){#F2}

As the difference between TRE and meTRE is the first base pair, T:A in TRE and M:G in meTRE (inserted box in Figure [2B](#F2){ref-type="fig"}), the corresponding TGA half sites (base pairs 7-5 in the 5΄-3΄ polarity of the TGA sequence) are nearly identical between the two complexes (Figure [2C](#F2){ref-type="fig"}). However, the other half site (TGA in TRE and MGA in meTRE) involves rotation of the corresponding Asn side chain (Figure [2D](#F2){ref-type="fig"}). Of the base pairs involved in direct base--protein contacts, the first base pair has the largest conformational difference comparing M:G and T:A---a shift of ∼2 Å due to a lack of T--Asn--C bridging interaction involving blue subunit Asn262. Despite this shift, the Ala265-methyl distance is essentially unchanged (difference of ∼0.2 Å; Figure [2E](#F2){ref-type="fig"}). In summary, the change in Asn262 between M:G and T:A is consistent, whether comparing Jun/Jun complexed with TRE versus meTRE (Figure [2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}; bp position 1), or within meTRE bp position 1 versus position 7 (Figure [1O](#F1){ref-type="fig"} and [P](#F1){ref-type="fig"}).

Zta homodimer has equal affinity for meZRE1/2 but much reduced affinity for meZRE3 {#SEC3-4}
----------------------------------------------------------------------------------

We next analyzed EBV Zta protein binding methylated ZRE elements. Zta binds the *BRLF1* promoter at three distinct sites (known as ZRE1-3) within the EBV genome ([@B2],[@B46]--[@B48]) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). For each ZRE element, we generated a pair of duplex oligos either unmodified or methylated (Figure [3A](#F3){ref-type="fig"}). For ZRE1, it contains two overlapping non-CpG sites (CpC and CpA), and methylation at nucleotide position 5 of top strand (CpC) generated four methyl groups (including T methyl groups) symmetrically positioned at bp positions 1 and 5 of top stand, 3 and 7 of bottom strand (Figure [3A](#F3){ref-type="fig"}). \[The effect of ZRE1 methylation at position 6 (CpA) is described below in the section on binding of asymmetric half sites.\]

![Zta/Zta-meZRE2 interactions. (**A**) For each ZRE element, a pair of duplex oligos either unmodified or methylated was synthesized. Sequence differences from that of ZRE1 are underlined. (**B** and **C**) DNA binding affinities of the Zta bZIP domain, with ZRE1 and ZRE2 (panel B) or ZRE2 and ZRE3 (panel C) oligos, each either methylated or unmodified. (**D--F**) Interactions with the first half site (base pairs 1--3) of meZRE2. The black numbers indicate the inter-atom distance in angstroms. (**G**) Interactions with the central G~4~:C~4~ base pair. (**H**) Ser186 interacts with Arg190 in the same monomer (colored magenta). (**I--K**) Interactions with the second half site of meZRE2 (base pairs 7-5). (**J**) The '?' indicates lacking a hydrogen atom between the two oxygen atoms required to form a hydrogen bond interaction. The 5mC methyl group of M~6~ is colored yellow without a small sphere, to distinguish it from the spatially conserved methyl groups of M~5~ and T~7~. (**L**) The Ser186 hydroxyl oxygen atom is within H-bonding distance to the *N*4 atoms of both cytosine bases at positions 5--6 in meZRE2.](gkx057fig3){#F3}

ZRE2 contains a more commonly methylated CpG site, and its methylation generates the symmetrically positioned four methyl groups, with an additional methyl group at bp-6 of the bottom strand (Figure [3A](#F3){ref-type="fig"}) that contributes less to the binding affinity ([Supplemental Figure S4A](#sup1){ref-type="supplementary-material"}). Zta binding affinities for meZRE1 and meZRE2 were almost identical, as were the unmodified ZRE1 and ZRE2, though in each case the methylated counterpart exhibited 5-fold stronger binding than the unmodified oligos (Figure [3B](#F3){ref-type="fig"}). As the methylated EBV genome can become 5-hydroxymethylated through the action of cellular TET dioxygenase ([@B49]), we also examined the effect of 5mC oxidation on binding affinity of meZRE2. As was seen for Jun protein, all three oxidized forms of 5mC within the meZRE2 sequence reduced Zta binding gradually in the order 5mC \> 5hmC \> 5fC \> 5caC ∼C with unmodified C and 5caC showing the lowest affinity ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}).

ZRE3 contains two CpG sites but deviates from ZRE1/2 sequences notably in lacking a TGA half site (Figure [3A](#F3){ref-type="fig"}). ZRE3 methylation (up to a total of seven methyl groups) does not result in the characteristic symmetric pattern of methyl groups as seen in meZRE1/2. In contrast to unmodified ZRE1 and ZRE2 (which contain three out of four spatially conserved methyl groups), Zta showed no detectable binding to unmodified ZRE3 (as shown previously ([@B50])). Zta bound m2-ZRE3 (with two methylated cytosines only on the top strand), the best substrate of its methylated sequences ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}) with far lower affinity than meZRE2 (by a factor of \>10; Figure [3C](#F3){ref-type="fig"}). Among the four possible methylation sites of ZRE3, the methylation at nucleotide position 5 of the top strand, which restored one of the spatially conserved methyl groups, contributed most to the (weaker) binding affinity ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). Overall, these findings suggest that (i) the four methyl groups symmetrically positioned at positions 1, 3, 5 and 7 appear to be essential for Zta binding; and (ii) the sequence inversion at bp-6 between ZRE1 (C:G) and ZRE2 (G:C) had negligible effects, indicating that Zta homodimer can interact differently with the two half sites.

Structural analysis of meZRE2 binding by Zta {#SEC3-5}
--------------------------------------------

To understand the basis of Zta binding to two asymmetric half sites, and to explore the potential function of Ser186 (a residue unique to Zta relative to Jun), we determined the co-crystal structure of Zta in complex with meZRE2. The complex was in space group C2, and was refined to a resolution of 2.3 Å ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The half site at bp 1--3 contains a classical TGA, and involves the expected T~1~-Asn182-C~2~ interaction bridging the first two base pairs (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). The methyl groups at T~1~ and T~3~ are in van der Waals contact with Ala185 and the side chain Cβ atom of Ser186 respectively (Figure [3D](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}), analogous to the di-alanine of the Jun protein. In addition to the methyl group of T~3~, Ser186 has two additional interactions via its hydroxyl oxygen atom: as an H-bond donor to *O*4 of T~3~ (Figure [3F](#F3){ref-type="fig"}), and as an H-bond acceptor from the guanidinium moiety of Arg190 in the same monomer (colored magenta in Figure [3G](#F3){ref-type="fig"} and [H](#F3){ref-type="fig"}). The corresponding Arg190 of the second monomer (blue) forms the classic bidentate H-bonds with the central guanine G~4~ (Figure [3G](#F3){ref-type="fig"}).

The second meZRE2 half site has T~7~--M~6~--G~5~ (Figure [3A](#F3){ref-type="fig"}, lower strand). The Zta complex shows the conserved methyl group interactions via Ala185 to the outer thymine base T~7~ (Figure [3I](#F3){ref-type="fig"}), and from the Ser186 carbon Cβ atom to the inner M~5~ base (Figure [3K](#F3){ref-type="fig"}). However, the interactions involving the side chains of Asn182 and Ser186 (hydroxyl oxygen atom) differ between the two half sites. The Ser186 hydroxyl oxygen atom is within H-bonding distance to the *N*4 atoms of both cytosine bases at bp 5--6 (Figure [3K](#F3){ref-type="fig"}, [J](#F3){ref-type="fig"} and [L](#F3){ref-type="fig"}). Asn182 adopts yet another different conformation by positioning its side chain within H-bonding distance of *N*7 and *O*6 of guanine G~6~ (Figure [3J](#F3){ref-type="fig"}). This Asn--Gua interaction is unusual because neither *N*7 nor *O*6 of Gua are typically protonated, and they thus function normally as H-bond acceptors. The side chain torsion angle χ2 could rotate 180° to allow the Asn amide to form one H-bond to either the *N*7 or *O*6 of G~6~. We believe that the Asn182--G~6~ interaction observed here is not base specific, in agreement with the nearly identical affinity observed for ZRE1 and ZRE2 (Figure [3B](#F3){ref-type="fig"}). On the other hand, Asn is commonly used for adenine recognition ([@B43]) (see below). Nevertheless, the roles of Asn182 and Ser186 in the two subunits of the Zta homodimer interact differently with the two half sites. This binding adaptability stems in part from the abilities of Asn and Ser to act as an H-bond donor, acceptor, or both at the same time.

Structural comparison of Zta and Jun homodimers {#SEC3-6}
-----------------------------------------------

To gain insights from the available structural information, we compared our Zta--meZRE2 complex structure to three available structures: (i) Zta S186A mutant (mimicking AP-1) in complex with TRE (PDB 2C9L ([@B30]); Figure [4A](#F4){ref-type="fig"}), (ii) Jun homodimer in complex with TRE (PDB: 2H7H; Figure [4B](#F4){ref-type="fig"}) and (iii) Jun homodimer in complex with meTRE (Figure [4C](#F4){ref-type="fig"}; this study). The three pairwise comparisons revealed that the DNA-bound forms of the homodimers are highly similar in overall structures.

![Structural comparison between Jun and Zta in complex with DNA. (**A--C**) Superimposition of Zta-meZRE2 complex onto Zta (S186A) mutant-TRE (panel A), onto Jun-TRE (panel B) and onto Jun-meTRE (panel C). (**D**) DNA sequence difference (in red box) between meZRE2 and TRE. (**E**) Superimposition of bp-5 in Jun-TRE, Zta (S186A)-TRE, and Zta-meZRE2. (**F**) Superimposition of bp-6 in Zta (S186A)-TRE and Zta-meZRE2. The 5mC methyl group of M~6~ in panels F, G and K is colored yellow without a small sphere, to distinguish it from the spatially conserved methyl groups of T~1~ and T~5~ (or M~5~). (**G**) Superimposition of bp-6 in Jun-TRE and Zta-meZRE2. (**H**) DNA sequence difference (in red boxes) between meZRE2 and meTRE. (**I** and **K**) Superimposition, for bp-1 (panel I), bp-5 (panel J) and bp-6 (panel K), of Jun-meTRE onto Zta-meZRE2.](gkx057fig4){#F4}

The difference between TRE and meZRE2 elements is two base pairs at positions 5 and 6 (Figure [4D](#F4){ref-type="fig"}). The superimposition of three structures of Zta, Zta S186A, and Jun revealed that substituting T:A with M:G at bp 5 had little effect (Figure [4E](#F4){ref-type="fig"}); while the base pair at position 6 swings towards the Zta wild-type protein but not the Zta S186A variant or Jun protein, presumably due to the Ser186-mediated H-bond pulling force (Figures [4F](#F4){ref-type="fig"} and [G](#F4){ref-type="fig"}).

Superimposition of Zta-meZRE2 and Jun-meTRE complexes resulted in an alignment with three substitutions at base pairs 1, 5 and 6 (Figure [4H](#F4){ref-type="fig"}). A shift in the first base pair, comparing T:A in meZRE2 to M:G in meTRE (Figure [4I](#F4){ref-type="fig"}), is similar to what we observed for Jun proteins when comparing the binding to TRE versus meTRE (Figure [2E](#F3){ref-type="fig"}). While bp-5 does not move (Figure [4J](#F4){ref-type="fig"}), a similar swing motion is observed for bp-6 in the WT Zta complex (Figure [4K](#F4){ref-type="fig"}). The structural comparison suggests that (i) the shift in the first base pair, from T:A to M:G, is shared between the Jun--Jun and Jun--Zta comparisons (Figures [2E](#F2){ref-type="fig"} and [4I](#F4){ref-type="fig"}) and (ii) the swing motion in the sixth base pair is unique to WT Zta because of the pulling H-bond interaction by Ser186.

Difference between Jun and Zta in binding asymmetric half sites {#SEC3-7}
---------------------------------------------------------------

Despite the observed interactions between Ser186/Asn182 and the base pair at position 6, and the different sequence at bp-6 between ZRE1 and ZRE2, Zta demonstrated nearly identical binding strength to the two oligos (Figure [3B](#F3){ref-type="fig"}). We asked whether Jun protein showed comparable binding flexibility. Surprisingly, Jun exhibited more than 20-fold weaker binding to meZRE2 than to TRE (Figure [5A](#F5){ref-type="fig"}), while Jun retained substantial affinity for meZRE1 (with *K*~D~ increased by 2-fold relative to TRE) (Figure [5C](#F5){ref-type="fig"}), with the two sequences differing only at bp-6 (C:G in meZRE1 and G:C in meZRE2) (Figure [5B](#F5){ref-type="fig"}), Like TRE, meZRE1 has a C:G at bp-6, so these results suggest that Jun requires two symmetric half sites---T/M-G-A, while Zta can accommodate symmetric as well as asymmetric half sites as evident by the nearly identical (\<2-fold difference) binding affinities among TRE, meTRE, meZRE2 and meZRE1 (Figures [5D](#F5){ref-type="fig"} and [3B](#F3){ref-type="fig"}).

![Difference between Jun and Zta in binding asymmetric half sites. (**A**) Jun protein binding affinity for TRE (symmetric) *vs*. meZRE2 (an asymmetric sequence). (**B**) Sequence difference at bp-6 among TRE, meTRE, meZRE1 and meZRE2. (**C**) Jun protein binding affinity for TRE and meZRE1 (both are symmetric sequences). (**D**) Similar Zta binding to three sequences (TRE, meTRE1 and meZRE2). (**E**) Jun A266S change increases binding to meZRE2 (an asymmetric sequence). (**F**) Zta S186A change reduces binding to meZRE2. (**G**) CpG and CpA containing meZREs. (**H**) Zta has increased binding on CpA sequence compared to the CpG sequence (ZRE2), and binds fully methylated CpG (both strands) and methylated CpA sequences equally well. (**I**) ZRE-based oligos with variation at bp-6. (**J**) Zta binds in approximately equal affinity to C, G and A at position 6. (**K**) Jun discriminates against a guanine at position 6. In panels J and K, inserted are controls for the binding affinities between 5mCpA and CpA oligos.](gkx057fig5){#F5}

We suspect the ability of Zta to bind asymmetric sites probably results from the asymmetric interactions involving Ser186 (Figure [3H](#F3){ref-type="fig"} and [L](#F3){ref-type="fig"}). We thus generated two reciprocal mutants, Jun Ala266-to-Ser (A266S) and Zta Ser186-to-Ala (S186A) ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). As expected, Jun A266S now bound meZRE2 (Figure [5E](#F5){ref-type="fig"}), with similar affinity to that of Jun wild-type protein binding to meZRE1. Conversely, Zta S186A now bound meZRE2 (and its unmethylated counterpart) with affinity lowered by a factor of \>12 (Figure [5F](#F5){ref-type="fig"} and [Supplementary Figure S5F](#sup1){ref-type="supplementary-material"}).

The consensus-binding element for Zta as determined by ChIP-seq suggested that an adenine could substitute at nucleotide position 6 (5΄-TGA**G**-T/C-C/**A**-A-3΄) ([@B51]). This raised the question of whether Asn182---which contacts G~6~ in meZRE2 (Figure [3J](#F3){ref-type="fig"})---could favorably interact with adenine. Asn--Ade interactions occur, for example, with Asn117 of EcoRI ([@B52]), Asn185 of EcoRV ([@B53]), Asn140 of PvuII ([@B54]), and Asn789 of human PRDM9 ([@B45]). We thus generated a modified sequence replacing the CpG in ZRE2 with CpA, as well as generating a pair of corresponding methylated sequences (Figure [5G](#F5){ref-type="fig"}). As expected, Zta binds the CpA sequence with 2--3-fold higher affinity than to the CpG sequence (unmodified), and binds fully methylated CpG (both strands) and methylated CpA sites equally well (Figure [5H](#F5){ref-type="fig"}). Analysis of the genome-wide occupancy of Zta in the Epstein-Barr virus genome ([@B55]) indicates that Zta occupies at least 17 of 21 CpA ZRE sites in the early lytic cycle ([Supplementary Figure S3B and Table S2](#sup1){ref-type="supplementary-material"}) \[For comparison, Zta occupies 13 out of 15 ZRE1 sites, 10 out of 17 ZRE2 sites, and 1 out of 3 ZRE3 sites in the EBV genome\].

As noted earlier that ZRE1 contains two overlapping non-CpG sites (CpC and CpA) at nucleotide positions 5 and 6 of the 7-bp element\'s top strand, while ZRE2 contains a CpG dinucleotide in the corresponding positions with the two cytosines located on opposite strands (Figure [5I](#F5){ref-type="fig"}). If both cytosines are methylated, meZRE1 will have two 5mCs on the top strand (m2ZRE1 in Figure [5I](#F5){ref-type="fig"}) while meZRE2 has 5mCs on the two opposite strands---the only difference occurs at position 6 (Figure [5I](#F5){ref-type="fig"}). We expanded the analysis of variation at position 6 to include all five possibilities: G, A, T, C and 5mC. Zta showed approximately equal binding affinity to C (meZRE1), G (meZRE2) and A (5mCpA) at position 6; ∼3-fold weaker binding to 5mC; and ∼6.5-fold weaker binding to thymine (5mU) (Figure [5J](#F5){ref-type="fig"}). It seems that a methyl group on the top strand at nt-6 decreased binding, while the methyl group on the bottom strand did not affect binding affinity (meZRE2).

We repeated the same experiments with Jun protein against the set of ZRE1/2-based oligos (Figure [5K](#F5){ref-type="fig"}). Jun showed the strongest binding with cytosine at position 6 (the symmetric sequence); ∼1.5-fold weaker binding to adenine (possible recognition by the conserved Asn262); ∼3.5-fold weaker to 5mC; and \>10-fold weaker binding to guanine and thymine. Thus, the affinity of Jun for nt-6 position is C \> A \> 5mC \>\> G and T. The largest difference between Zta and Jun is that Jun protein exhibits particular discrimination against guanine at position 6 (both proteins discriminate against thymine at that position).

Difference between Jun and Zta in binding central G:C base pair {#SEC3-8}
---------------------------------------------------------------

As described above, the Ser186 residue of the second Zta monomer (magenta in Figure [3H](#F3){ref-type="fig"}) interacts with Arg190 from the same monomer (Figure [6A](#F6){ref-type="fig"}). The same interaction would not occur in the S186A mutant and in Jun protein (where the corresponding residue is an Ala). We asked whether Ser186--Arg190 interaction has any functional consequence, particularly whether their interaction could prevent Arg190 from interacting with the central bp when G~4~:C~4~ is inverted to C~4~:G~4~ (see Figure [3G](#F3){ref-type="fig"}). We thus generated a mutant meZRE2 sequence with the central G:C substituted with C:G (Figure [6B](#F6){ref-type="fig"}). Quite unexpectedly, Zta wild-type protein showed reduced binding for the mutated sequence, yielding the same affinity as for the unmodified normal ZRE2 sequence (Figure [6C](#F6){ref-type="fig"}), while the Zta S186A (like Jun protein) binds mutant and normal meZRE2 sequences equally (Figure [6D](#F6){ref-type="fig"}). The opposite effect was seen comparing Jun wild type and A266S (Zta-like) proteins (Figure [6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). We note that Jun proteins bind the meZRE2 sequence only weakly under laboratory conditions, and Zta S186A (Jun-like) also has much reduced overall affinity (Figure [6D](#F6){ref-type="fig"}--[F](#F6){ref-type="fig"}). Nevertheless, our *in vitro* binding data agree with the genome-wide screen of viral genes ([@B28]) and an anti-Zta ChIP-seq study across the human genome ([@B51]), both showing that the central G:C base pair (5΄-TGA**G**-T/C-C/A-A-3΄) is not variable in Zta binding sites.

![Difference between Jun and Zta in binding central G:C base pair. (**A**) Ser186--Arg190 interaction in one monomer of Zta. (**B**) DNA oligos with altered sequence of central base pair (G:C to C:G). (**C**) Altered central base pair (G:C to C:G) reduces Zta binding. (**D**) Zta (S186A) binding is insensitive to inversion of the central base pair. (**E**) Jun (A266S) has increased binding of meZRE2 (G:C). (**F**) Jun only weakly binds meZRE2.](gkx057fig6){#F6}

DISCUSSION {#SEC4}
==========

We have focused on the role of the AP-1 di-alanine (and Zta Ala--Ser pair) in recognizing methylated DNA bases. The Ala265--Ala266 of Jun shows extraordinarily high conservation. We used NCBI BLink to identify Jun orthologs, even including hits with overall match scores of just 10% the maximum (self) match. While some of the lower-scoring records were missing the segment with the AA, there were few cases among full-length orthologs of a substitution in the di-alanine ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Even the *Drosophila melanogaster* ortholog (NP_476586.1, 32% identity to human Jun) has the conserved Ala--Ala, presumably to recognize T given that *D. melanogaster* DNA has little or no 5mC ([@B56]). Among Zta orthologs the Ala--Ser shows similar conservation, and is present in even the rhesus and marmoset gamma-Herpesvirus proteins (respectively AAK95436.1, 71% identity to Zta; and NP_733896.1, 34% identity to Zta). We did find other variations among mammalian bZIP transcription factors ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}).

As mentioned above, the EBV virion genome becomes heavily methylated during the latent stage of the virus cycle by the cellular DNA methylation machinery ([@B24]--[@B26]), and the methyl groups are then subject to oxidation by cellular TET dioxygenases ([@B49]). Oxidized forms of 5mC within the meZRE2 sequence reduced Zta binding, with unmodified C and 5caC showing the lowest affinity ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Thus, in the presence of TET, methylation of the virion EBV DNA would lead to a transient pulse of high-affinity Zta binding, that could be renewed only upon methylation of newly replicated DNA.

The *de novo* DNA methyltransferase(s) generate 5mC usually within the dinucleotide sequence context of CpG ([@B57]--[@B59]) or non-CpG (particularly CpA) ([@B60]--[@B65]). Here, we show that Zta protein binds with equal affinity meZRE sequences containing methylated CpG, CpA or CpC, at bp positions 5 and 6 within the 7-bp element (Figures [3B](#F3){ref-type="fig"}, [5H](#F5){ref-type="fig"} and [J](#F5){ref-type="fig"}). The ability of Ser186 to act as an H-bond donor, acceptor, or both at the same time allows Zta dimer to bind both symmetric (meZRE1) and asymmetric half sites (meZRE2 and CpA meZRE). In contrast, the Zta S186A mutant and WT Jun protein---both of which have an alanine in the corresponding position and lacking the flexibility---preferentially bind symmetric sequences (TRE, meTRE and meZRE1) with a cytosine at position 6, followed by an adenine at that position. The largest difference between Zta and Jun is that Jun protein exhibits particular discrimination against meZRE2 with a guanine at position 6. This observation suggests that the inability of Zta S186A to drive gene expression from the latent viral genome ([@B66]) might be due to the loss of binding to asymmetric meZRE2 in the *BRLF1* promoter (Figure [5F](#F5){ref-type="fig"}). Conversely, the gain-of-function mutant associated with AP-1 alanine-to-serine (A266S in Jun), which does drive viral lytic gene expression ([@B29]) might result from a gained ability to bind asymmetric meZRE2 (Figure [5E](#F5){ref-type="fig"}).

Besides binding TRE elements (TGA-[G]{.ul}-TCA), AP-1 Jun or Fos proteins can form heterodimers with ATF to recognize [c]{.ul}AMP-[r]{.ul}esponse [e]{.ul}lements (CRE; TGA-[CG]{.ul}-TCA) (reviewed in ([@B14])), which are also recognized by CRE-binding (CREB) transcription factors ([@B67],[@B68]). The difference between TRE and CRE elements is the one bp expansion in the central C:G bp to a CpG dinucleotide ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}), which is recognized by the two symmetrically positioned Arg residues from each monomer ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}). The structure and sequence conservation implies a similar pattern of DNA recognition among the extended family of bZIP transcriptional factors, such as the conserved di-alanine-methyl interactions and conserved T--Asn--C bridging conformation for the TGA half sites ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}). This conservation suggests that the CRE-binding proteins (CREB and AP-1/ATF heterodimers) might be sensitive to DNA methylation status if C replaces either T. For example, ChIP-seq data of CREB in hippocampal neurons identified a non-canonical CRE motif ([@B69]), where the inner A:T at bp-3 position is replaced by G:C and the methylation of the cytosine at bp-3 would restore the symmetrically positioned methyl groups. In addition, the expanded central CpG dinucleotide potentially allows the CpG methylation/oxidation status to play a regulatory role (e.g. see MAX ([@B70])).

The ability to bind either unmodified (T-containing) or modified (M-containing) elements may contribute to the diverse regulatory mechanisms of bZIP-mediated gene expression. It is interesting that spontaneous deamination of 5mC to yield thymine has long been recognized as providing hotspots for pathological mutation in the human genome ([@B71]--[@B73]). However, targeted enzymatically driven deamination of 5mC to T in human DNA ([@B74]) may provide an important regulatory mechanism. Specifically, a particular DNA sequence, outside of the germline, would effectively become permanently methylated in a given cell lineage. As sequence databases grow, it will be interesting to look for examples of lineage-specific non-germline 5mC-to-T transitions in regulatory regions ([@B75]). Though our knowledge is currently limited, the ability to predict transcription factor sensitivity to DNA modifications is becoming increasingly important ([@B76]).

ACCESSION NUMBERS {#SEC5}
=================

The X-ray structures (coordinates and structure factor files) of Jun bZIP domain with bound meTRE and Zta bZIP domain with bound meZRE2 have been submitted to PDB under accession number 5T01 and 5SZX, respectively.
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